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Summary 


General  Descriptions:  In  this  project,  we  planed  to  grow  InGaN  for  covering  the  whole  indium 
composition  range,  to  perform  their  characterizations  and  to  implement  the  white-light 
generation  application.  The  solar  cell  application  is  only  a  target  and  cannot  be  implemented  in 
such  a  short  period.  We  have  grown  10  InGaN  thin  film  samples  covering  the  whole  indium 
composition  range  at  a  low  growth  temperature.  However,  except  InN,  the  optical  quality  is 
generally  not  high.  Based  on  our  experiences  in  growing  gallium-rich  InGaN  with  relatively 
higher  temperatures,  we  have  grown  InGaN/GaN  quantum-well  structures  to  efficiently  emit 
blue,  green,  yellow,  orange,  and  red  lights.  In  this  implementation,  it  is  found  that  strain 
management  is  the  key  to  increase  indium  incorporation  and  hence  increase  the  emission 
wavelength.  On  the  indium-rich  side,  our  growth  of  InN  was  quite  successful.  The  quality  is 
close  to  the  state-of-the-art  of  the  MOCVD  growth.  We  will  continue  to  improve  the  crystalline 
and  optical  qualities  of  InN  and  indium-rich  InGaN.  In  this  report,  we  summarize  the  following 
five  parts  of  the  related  research  accomplishments: 

1.  Part  I  (crystal  growth):  Effects  of  the  underlying  quantum  wells  on  the  emission  properties  of 
InGaN/GaN  quantum-well  structures 

2.  Part  II  (application):  White-light  generation  with  CdSe/ZnS  nano-crystals  coated  on  an 
InGaN/GaN  quantum- well  blue/green  two- wavelength  light-emitting  diode 

3.  Part  III  (characterization):  Non-degenerate  fs  pump-probe  study  on  InGaN  with 
multi-wavelength  second-hannonic  generation 

4.  Part  IV  (application):  Control  of  the  Color  Contrast  of  a  Polychromatic  Light-emitting  Device 
with  CdSe/ZnS  Nano-crystals  on  an  InGaN/GaN  Quantum-well  Structure 

5.  Part  V  (crystal  growth):  Growth  and  Characterization  of  InN  and  Indium-rich  InGaN 

Part  I:  We  demonstrate  the  spectral  red-shift  of  the  quantum  wells  (QWs)  designated  for  green 
emission  into  the  orange  range  in  a  light-emitting  diode  by  adding  a  violet-emitting  QW  at  the 
bottom  in  metal-organic  chemical  vapor  deposition.  An  electro-luminescence  red-shift  of  53  mn 
was  obtained.  The  cathodo-luminescence  spectra  indicated  that  the  long-wavelength  QWs  close 
to  the  violet  one  were  strongly  influenced  by  this  added  QW  and  mainly  emitted  the  orange 
photons.  Those  near  the  top  were  less  affected.  This  influence  is  supposed  to  originate  from  the 
pre-strained  effect  in  the  barrier  layer  right  above  the  violet  QW.  Such  a  pre-strained  effect  is 
expected  to  be  more  effective  when  the  underlying  QW  is  well-shaped  and  the  hetero-junction 
strain  is  strong,  like  the  case  of  the  violet  QW.  This  effect  is  weak  between  the  high-indium  QWs, 
in  which  the  formation  of  indium-rich  clusters  releases  the  strain. 

Part  II:  We  grew  and  processed  a  blue/green  two-wavelength  light-emitting  diode  (LED)  based 
on  the  mixture  of  two  kinds  of  quantum  well  (QW)  in  epitaxial  growth.  The  X-ray  diffraction 
and  photoluminescence  measurements  indicated  that  the  crystalline  structure  and  the  basic 
optical  property  of  individual  kinds  of  QW  are  not  significantly  changed  in  the  mixed  growth. 
The  relative  electro-luminescence  (EL)  intensity  of  the  two  colors  depends  on  the  injection 
current  level,  which  controls  the  hole  concentration  distribution  among  the  QWs.  At  low 
injection  levels,  the  top  green-emitting  QW  dominates  in  EL.  As  the  injection  current  increases, 
the  blue-emitting  QWs  beneath  becomes  dominating.  We  also  coated  CdSe/ZnS  nano-crystals  on 
the  top  of  the  two-wavelength  LED  for  converting  blue  photons  into  red  light.  With  the  coating 
of  such  nano-crystals,  the  device  emits  blue,  green,  and  red  lights  for  white-light  generation. 
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Part  III:  Non-degenerate  fs  pump-probe  experiments  in  the  UV-visible  range  for  ultrafast  carrier 
dynamics  study  of  InGaN  with  adjustable  pump  and  probe  photon  energies  are  implemented  with 
simultaneously  multi- wavelength  second-harmonic  generation  (SHG)  of  a  10  fs  Ti:sapphire  laser. 
The  multi-wavelength  SHG  is  realized  with  two  [1-barium  borate  crystals  of  different  cutting 
angles.  The  full-widths  at  half-maximum  of  the  SHG  pulses  are  around  150  fs,  which  are 
obtained  from  the  cross-correlation  measurement  with  a  reverse-biased  280-nm  light-emitting 
diode  as  the  two-photon  absorption  photo-detector.  Such  pulses  are  used  to  perform 
non-degenerate  pump-probe  experiments  on  an  InGaN  thin  film,  in  which  indium-rich 
nano-clusters  and  compositional  fluctuations  have  been  identified.  Relaxation  of  carriers  from 
the  pump  level  to  the  probe  one  through  the  scattering-induced  local  thennalization  (<1  ps)  and 
then  the  carrier-transport-dominating  global  thennalization  (in  several  ps)  processes  is  observed. 

Part  VI:  Blue -red  polychromatic  light-emitting  devices  are  fabricated  by  attaching  red-emitting 
CdSe/ZnS  nano-crystals  on  a  blue-emitting  InGaN/GaN  multiple-quantum-well  (MQW) 
structure.  To  improve  the  red/blue  intensity  contrast,  holes  of  different  diameters  are  fabricated 
for  increasing  the  direct  contact  area  between  the  MQW  active  regions  and  CdSe/ZnS 
nano-crystals.  By  comparing  the  devices  of  10,  50,  60  and  70-pm  hole  diameters,  and  a  reference 
device  of  no  hole,  it  is  found  that  the  hole  diameter  of  60  pm  represents  an  optimized  condition 
from  the  viewpoint  of  maintaining  high  quantum  efficiency.  However,  the  device  of  10-pm  holes 
has  the  highest  red/blue  intensity  ratio,  which  corresponds  to  a  36  %  increase.  This  result  is 
attributed  to  its  largest  side-wall  area  in  the  holes  among  various  samples. 

Part  V:  With  MOCVD,  we  have  successfully  grown  InN  and  indium-rich  InGaN  thin  films  on 
GaN  of  quite  high  quality.  For  growing  high-quality  InN,  the  optimized  temperature  is  between 
400  and  600  °C.  So  far,  we  have  successfully  grown  InN  thin  films  at  500  °C  with  the  chamber 
pressure  at  100  Torr  or  lower.  It  was  found  that  by  reducing  the  chamber  pressure  to  75  Torr,  the 
InN  quality  became  better.  In  our  InN  thin  films,  the  X-ray  rocking  curves  have  widths  of  around 
328  arc-second,  which  represents  a  reasonably  good  result.  From  the  Hall  measurements,  the 
electron  mobility  is  around  756  cm2/V-s,  which  is  comparable  to  what  reported  in  literature. 
However,  the  electron  concentration  is  around  3.14x10  cm'  ,  which  is  relatively  higher  when 
compared  with  MBE-grown  high-quality  InN  thin  films 
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Part  I 

Effects  of  the  underlying  quantum  wells  on  the  emission  properties  of 
InGaN/GaN  quantum-well  structures 

In  the  efforts  of  fabricating  efficient  nitride-based  white-light  devices,  phosphor-free 
light-emitting  diodes  (LEDs)  with  stacked  quantum  wells  (QWs)  of  different  parameters  for 
emitting  the  three  primary  colors  or  two  complementary  colors  (such  as  blue  and  yellow)  have 
attracted  much  attention  [1-3].  Currently,  the  techniques  for  fabricating  blue-  and  green-emitting 
InGaN/GaN  QW  LEDs  are  quite  mature.  However,  that  for  yellow-red  LEDs  is  still  challenging. 
Although  red-emitting  InGaN/GaN  QW  structures  have  been  reported  [4-7],  for  practical 
applications,  their  inefficient  emission  or  the  required  complicated  process  hinders  the 
development  of  such  a  device.  Pushing  longer-wavelength  emission  (yellow-red)  of  high 
efficiency  from  InGaN/GaN  QWs  is  a  crucial  issue  for  the  development  of  solid-state  lighting. 
To  elongate  the  emission  wavelength,  we  need  to  increase  indium  incorporation  in  a  well. 
However,  the  indium  incorporation  is  controlled  by  the  strain  condition  in  the  QW.  The  higher 
indium  content  in  a  well  will  lead  to  a  higher  compressive  strain  in  the  well  layer,  resulting  in  the 
difficulty  of  effective  indium  incorporation.  Therefore,  strain  control  becomes  a  key  issue  in 
elongating  the  emission  wavelength. 

In  this  part,  we  report  the  results  of  significantly  red-shifting  the  emission  spectrum  of  a 
green  InGaN/GaN  QW  LED  by  inserting  a  violet-emitting  QW  between  the  n-type  layer  and  the 
five  QWs  designated  for  green  emission.  Efficient  orange  electro-luminescence  (EL)  was 
observed.  For  comparison,  two  InGaN/GaN  QW  samples  were  grown  with  metal-organic 
chemical  vapor  deposition.  In  sample  A,  after  a  2 -pm  n-type  GaN  layer  (grown  at  1070  °C),  five 
periods  of  InGaN/GaN  QW,  with  3  mn  in  the  well  thickness  (grown  at  680  °C)  and  16  mn  in  the 
barrier  thickness  were  deposited.  In  the  growth  of  such  a  barrier  layer,  after  the  growth  of  a 
~2-nm  GaN  cap  layer  at  the  same  temperature  as  that  for  the  well  (680  °C),  the  growth  was 
interrupted.  During  the  interruption,  the  wafer  temperature  was  ramped  to  800°C  and  H2  of  500 
seem  was  added  to  the  growth  chamber.  After  the  interruption,  a  14-nm  GaN  layer  was  grown  to 
form  the  16-nm  barrier.  The  GaN  cap  layer  between  the  InGaN  well  and  the  higher-temperature 
GaN  barrier  meant  to  protect  the  InGaN  QW  from  indium  desorption  during  the  temperature 
ramping  and  the  H2  addition  [8],  The  average  indium  content  in  the  five  QWs  was  estimated  to 
be  18  %.  After  the  growth  of  the  five  QWs,  a  20-nm  p-Alo.2Gao.8N  layer,  followed  by  a  120-nm 
p-GaN  layer  (both  grown  at  930  °C),  was  grown.  In  sample  B,  the  LED  structure  is  the  same  as 
that  of  sample  A  except  that  an  extra  InGaN/GaN  QW  of  a  lower  indium  content  (grown  at  745 
°C)  was  inserted  between  the  n-GaN  layer  and  the  five  high-indium  QWs.  No  growth 
interruption  procedures  were  used  for  the  barriers  right  blow  and  above  the  extra  QW.  They  were 
grown  at  the  same  temperature  as  that  for  this  well  (745  °C). 

Fig.  1  shows  the  X-ray  diffraction  (XRD)  pattern  of  sample  A.  Here,  the  sharp  peak  at  the 
origin  corresponds  to  the  contributions  of  GaN.  The  clear  second-  and  third-order  maxima  in  Fig. 
1  indicate  the  high  QW  quality  of  this  sample.  However,  as  shown  in  Fig.  2  for  sample  B, 
although  there  are  five  QWs  grown  under  the  same  condition  as  that  for  sample  A,  the 
distribution  of  the  secondary  maxima  in  its  XRD  pattern  is  quite  different  from  that  of  sample  A. 
Fig.  2  clearly  indicates  that  the  QW  periodicity  is  quite  poor.  This  result  implies  that  the  five 
QWs  designated  for  green  emission  in  sample  B  are  not  uniform,  either  in  average  indium 
content  or  in  well  thickness,  although  they  were  grown  under  the  same  condition. 

Fig.  3  shows  the  room-temperature  photoluminescence  (PL)  spectra  of  the  two  samples.  In 
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sample  A,  a  single  major  peak  around  527  mn  can  be  observed.  In  sample  B,  the  major  PL  peak 
(at  around  415  nm)  originates  from  the  extra  QW  (will  be  called  the  violet  QW  hereafter)  at  the 
bottom.  The  other  five  QWs  contribute  to  the  PL  spectrum  with  an  extended  tail  on  the 
long-wavelength  side.  This  tail  covers  the  range  up  to  625  nm  with  a  maximum  around  564nm. 
The  stronger  PL  at  415  nm  indicates  the  relatively  higher  quality  of  the  violet  QW,  when 
compared  with  the  other  five  QWs  on  the  top  in  sample  B.  The  broad  tail  in  the  PL  spectrum  of 
sample  B  has  two  implications.  First,  the  five  QWs  designated  for  green  emission  are  indeed  not 
uniform  in  effective  band  gap.  Second,  the  emission  spectra  of  part  of  the  five  QWs  have  been 
red-shifted. 

Fig.  4  shows  the  room-temperature  EL  spectra  of  sample  A  at  four  injection  current  levels. 
The  EL  spectral  peak  shifts  from  541  nm  at  10  mA  to  535  nm  at  40  mA.  Normally,  the  EL 
wavelength  is  longer  than  that  of  PL  because  of  the  forward  bias  [9].  The  blue  shift  in  increasing 
the  injection  current  level  is  attributed  to  the  quantum-confined  Stark  effect  (QCSE)  [10].  Fig.  5 
shows  the  room-temperature  EL  spectra  of  sample  B  at  the  four  injection  current  levels.  It  is 
interesting  to  see  that  the  violet  QW  for  the  strong  PL  peak  at  415  nm  does  not  contribute  to  the 
EL  spectra  at  all.  Instead,  two  peaks  around  500  and  600  nm  can  be  seen.  The  long-wavelength 
peak  shifts  from  595  nm  at  10  mA  to  587  nm  at  40  mA.  The  short-wavelength  peak  shifts  from 
507  nm  at  10  mA  to  503  nm  at  40  mA.  This  two-peak  spectral  feature  is  clearly  contributed  from 
the  five  QWs  designated  for  green  emission.  The  wavelength  of  the  long-wavelength  peak  in  Fig. 
5  is  longer  than  that  of  the  major  peak  in  Fig.  4  by  about  53  nm,  indicating  that  the  growth  of 
certain  QWs  has  been  influenced  by  the  existence  of  the  violet  QW  at  the  bottom.  The 
appearance  of  the  EL  peak  around  500  nm  in  Fig.  5  also  confirms  that  the  structures  of  the  five 
QWs  are  not  uniform.  The  dominance  of  the  five  QWs  in  the  EL  of  sample  B  is  attributed  to  the 
slower  migration  of  holes,  when  compared  with  electrons  [3].  In  InGaN/GaN  QW  LEDs,  the 
bottom  QW  usually  makes  little  contribution  to  EL  when  the  QW  number  is  high.  With  the  same 
reason,  we  can  speculate  that  in  Fig.  5  the  long-wavelength  peak,  which  is  weaker  than  the 
short- wavelength  one,  originates  from  the  QWs  close  to  the  violet  one. 

To  understand  the  differences  between  the  five  QWs  designated  for  green  emission  in 
sample  B,  we  performed  cathodo-luminescence  (CL)  measurements  of  this  sample  with  various 
electron  acceleration  voltages.  Excitations  with  electrons  of  different  kinetic  energies  can  provide 
us  with  the  luminescence  spectra  at  different  depths.  Fig.  6  shows  the  CL  spectra  of  sample  B  at 
4,  5,  6,  and  8  kV  in  acceleration  voltage.  In  all  the  curves,  the  humps  between  400  and  440  nm 
correspond  to  the  contribution  from  the  violet  QW.  This  hump  becomes  more  and  more  dominant 
as  the  voltage  increases  and  hence  the  penetration  becomes  deeper.  The  long-wavelength  peak 
shifts  from  526  nm  at  4  kV  to  563  nm  at  8  kV.  This  trend  indicates  that  among  the  five  QWs,  a 
deeper  one  emits  photons  of  a  longer  wavelength. 

Based  on  our  estimation,  the  4-kV  electrons  can  effectively  penetrate  a  wide-band-gap 
nitride  sample  for  about  120  nm  [11].  The  8-kV  electrons  can  effectively  reach  a  depth  of  more 
than  240  nm.  In  the  cases  of  4  and  5  kV,  electrons  can  essentially  reach  the  first  two  QWs 
(counted  from  the  p-type  layers).  This  portion  of  the  CL  spectra  shows  that  the  emission  peak  is 
around  526  nm.  Then,  the  long-wavelength  CL  contribution  in  the  case  of  6  kV  is  supposed  to 
originate  mainly  from  the  two  QWs  in  the  middle,  which  emit  CL  around  545nm.  Finally,  in  the 
curve  of  8  kV,  a  significant  contribution  from  the  lowest  long-wavelength  QW  is  expected.  It 
emits  CL  around  563  nm. 

From  the  results  above,  one  may  conclude  that  the  two  QWs  at  the  top  in  sample  B  are 
weakly  influenced  by  the  addition  of  the  violet  QW  at  the  bottom.  However,  the  QWs  close  to 
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the  violet  one  are  strongly  affected  by  this  extra  QW.  It  is  speculated  that  the  growth  of  the  violet 
QW  creates  a  tensile  strain  in  the  barrier  layer  right  above  it  that  helps  in  lattice  matching  for  the 
growth  of  the  next  QW.  Hence,  the  indium  incorporation  in  the  next  QW  can  be  enhanced, 
leading  to  longer  wavelength  emission.  Such  a  pre-strained  (tensile)  effect  in  a  barrier  is 
particularly  significant  when  the  underlying  QW  is  well-shaped  and  hence  the  hetero-junction 
strain  is  highly  preserved.  In  sample  B,  the  relatively  lower-indium  (violet)  InGaN/GaN  QW  at 
the  bottom  guarantees  the  high  QW  quality  and  hence  the  effective  pre-strained  effect.  As  we 
grew  more  long-wavelength  QWs,  the  pre-strained  effect  diminished  because  a  high-indium  QW 
is  usually  poorly  shaped  and  actually  contains  indium-rich  clusters  [12].  The  formation  of  such 
clusters  releases  the  hetero-junction  strain  [13].  This  interpretation  for  the  weak  pre-strained 
effect  between  QWs  of  green  emission  can  also  be  applied  to  sample  A.  One  may  think  that  the 
red  shift  of  the  QW  emission  in  sample  B,  relative  to  that  in  sample  A,  is  due  to  the  stronger 
QCSE  in  this  sample.  However,  because  the  blue  shift  of  the  long-wavelength  EL  peak  in 
increasing  the  injection  current  from  10  to  40  mA  is  not  quite  10  nm  (see  Fig.  5),  we  can 
conclude  that  the  QCSE  does  not  play  the  major  role  here. 

In  summary,  we  have  demonstrated  the  spectral  red-shift  of  the  QWs  designated  for  green 
emission  into  the  orange  range  in  an  LED  by  adding  a  violet-emitting  QW  at  the  bottom.  An  EL 
red-shift  of  53  nm  was  obtained.  The  CL  spectra  indicated  that  the  long-wavelength  QWs  close 
to  the  violet  one  were  strongly  influenced  by  this  added  QW  and  mainly  emitted  the  orange 
photons.  Those  near  the  top  were  less  affected.  This  influence  was  supposed  to  originate  from  the 
pre-strained  effect  in  the  barrier  layer  right  above  the  violet  QW.  Such  a  pre-strained  effect  is 
expected  to  be  more  effective  when  the  underlying  QW  is  well-shaped  and  the  hetero-junction 
strain  is  strong,  like  the  case  of  the  violet  QW.  This  effect  is  weak  between  the  high-indium  QWs, 
in  which  the  formation  of  indium-rich  clusters  releases  the  strain. 
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Fig.  1  XRD  pattern  of  sample  A. 


Fig.  2  XRD  pattern  of  sample  B. 
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Fig.  3  PL  spectra  of  the  two  samples  at  room  temperature. 
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Fig.  4  Room-temperature  EL  spectra  of  sample  A  at  various  injection  current  levels. 
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Fig.  5  Room-temperature  EL  spectra  of  sample  B  at  various  injection  current  levels. 
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Fig.  6  Room-temperature  CL  spectra  of  sample  B  with  various  electron  acceleration  voltages  for 

probing  the  emissions  at  different  depths. 


10 


Part  II 

White-light  generation  with  CdSe/ZnS  nano-crystals  coated  on  an 
InGaN/GaN  quantum-well  blue/green  two-wavelength  light-emitting  diode 

1.  Introduction 

Because  of  the  important  applications  of  solid-state  lighting  and  liquid-crystal  display 
backlighting,  recently  the  development  of  semiconductor  white-light  devices  has  attracted  much 
attention.  Currently,  such  development  mainly  focuses  on  the  use  of  phosphors  for  converting 
either  blue  or  UV  photons  from  a  single-color  light-emitting  diode  (LED)  into  long-wavelength 
light  for  white-light  mixing.  However,  the  use  of  phosphors  for  white-light  generation  leads  to 
the  disadvantages  of  lower  efficiency,  process  complication,  patent  control,  and  environmental 
issue.  Therefore,  the  fabrication  of  phosphor-free,  single-chip,  all-semiconductor  white-light 
LEDs  has  become  an  important  trend  of  development  [l]-[4].  For  this  purpose, 
multiple-wavelength  LEDs  by  stacking  InGaN/GaN  quantum  wells  (QWs)  of  different 
compositions  and/or  geometries  are  of  great  interest  [1],[2].  Nevertheless,  stacking  such  QWs  of 
different  types  is  not  straightforward  because  they  are  usually  highly  strained.  The  growth  order 
of  different  QWs  and  the  in-between  barrier  thickness  can  affect  the  emission  wavelength  of  each 
QW  [3].  In  particular,  the  strain  distribution  controls  the  quantum-confined  Stark  effect  (QCSE), 
which  leads  to  emission  spectral  blue  shift  as  the  injection  current  increases.  Hence,  a  careful 
design  of  such  a  QW  structure  is  needed. 

For  mixing  colors  to  obtain  white  light  of  a  high  rendering  index,  currently  the  major 
difficulty  is  the  low  emission  efficiency  of  red-emitting  InGaN  compounds  [2],  Although  the 
high-efficiency  red  emission  from  an  InGaN/GaN  nano-column  structure  has  been  reported,  the 
process  procedures  for  fabricating  such  a  white-light  LED  can  be  quite  complicated  [5].  Before 
efficient  red-emitting  InGaN  compounds  for  easy  integration  with  blue-  and  green-emitting 
structures  can  be  available,  a  photon  down-conversion  material  is  still  needed.  In  particular,  a 
material  for  converting  blue  photons  into  red  light  is  very  useful.  Although  phosphors  for 
converting  UV  photons  into  red  light  exist,  that  for  efficiently  converting  blue  photons  into  red 
light  has  not  been  reported  yet.  Recently,  it  has  been  proved  that  the  use  of  CdZe/ZnS 
nano-crystals  for  such  conversion  is  quite  attractive  [6,7].  Basically,  such  a  crystal  of  a  few  nm  in 
diameter  functions  as  a  quantum  dot.  It  can  efficiently  absorb  light  in  the  range  from  UV  through 
blue  and  re-emit  red  light.  Its  absorption  and  emission  spectra  can  be  easily  tuned  through 
controlling  its  size. 

In  this  part  of  the  report,  we  first  demonstrate  the  growth  and  fabrication  of  a  blue/green 
two-wavelength  LED  by  stacking  four  QWs  of  two  different  growth  conditions.  Then,  we  show 
white-light  generation  by  coating  CdSe/ZnS  nano-crystals  on  such  a  two -wavelength  LED  for 
converting  blue  photons  into  red  light. 

2.  Epitaxial  Growth  and  Device  Process 

The  epi-structure  of  the  blue/green  two-wavelength  LED  was  grown  with  a  metal-organic 
chemical  vapor  deposition  reactor  with  the  following  procedures:  After  the  growth  of  a  25-nm 
nucleation  layer  (grown  at  535°C),  a  2-pm  n-GaN  was  deposited  at  1070  °C.  Then,  two  QW 
growth  conditions  are  considered:  1)  temperature  at  690  °C,  wafer  carrier  rotation  at  750  rpm, 
and  gas  flow  rates  at  3000  seem  for  N2  and  3000  seem  for  NH3,  and  2)  temperature  at  710  °C, 
wafer  carrier  rotation  at  1500  rpm,  and  gas  flow  rates  at  1000  seem  for  N2  and  1500  seem  for 
NH3.  The  first  and  second  growth  conditions  were  designed  for  the  growths  of  the  green-  and 
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blue-emission  QWs,  respectively.  All  the  well  thickness  is  about  3  nm.  With  the  different  growth 
conditions  above,  the  indium  compositions  are  different,  leading  to  the  emissions  of  different 
colors.  Purely  blue  or  green  LEDs  have  been  fabricated  based  on  the  growth  of  five  QWs  of  the 
same  conditions.  In  the  mixed  QW  sample,  we  arranged  the  QW  sequence  as  (from  the  bottom) 
green/blue/blue/green  in  the  four-QW  structure.  The  barrier  thickness  is  nominally  16  nm. 
However,  the  width  of  the  last  two  barriers  is  only  6  nm.  In  the  deposition  of  a  16-nm  barrier 
layer,  after  the  growth  of  a  ~2-nm  GaN  cap  layer  at  the  same  temperature  as  that  for  the  well,  the 
growth  was  interrupted.  During  the  interruption,  the  wafer  temperature  was  ramped  to  800  °C 
and  H2  of  500  seem  was  added  to  the  growth  chamber  [8].  After  the  interruption,  a  14-nm  GaN 
layer  was  grown  to  form  the  16-nm  barrier.  The  growth  of  the  GaN  cap  layer  between  the  InGaN 
well  and  the  higher-temperature  GaN  barrier  meant  to  protect  the  InGaN  well  from  indium 
desorption  during  the  temperature  ramping  and  the  H2  addition.  After  the  growth  of  the  four  QWs, 
a  20-nm  p-Alo.2Gao.8N  layer,  followed  by  a  120-nm  p-GaN  layer  (both  grown  at  930  °C),  was 
deposited.  LEDs  based  on  the  mixed  QW  epi-structure  were  then  fabricated  with  the  standard 
procedure.  Ni  (15nm)/Au  (150nm)  were  used  for  the  p-type  Ohmic  contacts.  Also,  Ti  (15nm)/Al 
(75nm)/Ti  (15nm)/Au  (150nm)  were  used  for  the  n-type  Ohmic  contacts.  Meanwhile,  thin  metal 
layers  of  Ni  (5nm)/Au  (5nm)  cover  the  whole  top  surface  for  enhancing  current  spreading  in  a 
device. 

Fig.  1  shows  the  X-ray  diffraction  (XRD)  pattern  of  the  LED  epi-structure  of  mixed  QWs 
(curve  A).  For  comparison,  curves  B  and  C  for  a  purely  blue-emitting  QW  (five  periods)  sample 
and  a  purely  green-emitting  QW  (five  periods)  sample,  respectively,  are  also  shown.  The  major 
sharp  peak  near  the  center  represents  the  GaN  contribution.  One  can  see  that  in  curves  B  and  C, 
periodical  secondary  peaks  clearly  demonstrate  the  QW  periodicity.  Also,  the  visible  third-order 
peaks  in  the  purely  blue  sample  indicate  the  reasonably  good  QW  quality  in  this  sample.  In  the 
sample  of  mixing  the  two  kinds  of  QW,  the  major  XRD  peaks  roughly  correspond  to  those  of  the 
two  single-color  samples,  indicating  that  basically  the  superposition  principle  can  be  applied  to 
these  XRD  measurements.  This  correspondence  implies  that  the  two  kinds  of  QW  structure  were 
not  significantly  influenced  each  other  when  they  were  stacked  on  a  wafer.  However,  the  details 
of  the  XRD  pattern  in  the  mixed  QW  sample  deserve  further  investigation  because  XRD 
measurement  cannot  follow  closely  the  superposition  principle,  as  clearly  shown  in  Fig.  1. 

3.  Optical  Characterization  Results 

Fig.  2  shows  the  room-temperature  photoluminescence  (PL)  spectra  of  the  mixed  QW 
epi-structure  (curve  A),  the  purely  blue-emitting  (curve  B)  and  the  purely  green-emitting  (curve 
C)  QW  samples.  In  the  mixed-QW  sample,  one  can  see  the  strong  PL  peak  of  blue  light  at  around 
470  nm  and  a  relatively  weaker  green  peak  at  around  530  nm.  The  two  color  peaks  correspond 
well  to  the  PL  peaks  of  the  single-color  samples.  In  the  two-color  sample,  the  PL  contribution  of 
the  top  green-emitting  QW  is  small  although  the  photo-generated  carrier  density  in  this  QW  is 
expected  to  be  the  highest  in  our  top-excitation  PL  measurement.  This  result  indicates  the  poorer 
crystalline  quality  of  the  green-emitting  QW. 

Fig.  3  shows  the  room-temperature  electro-luminescence  (EL)  spectra  of  the  fabricated 
two-wavelength  LED  at  various  injection  currents.  One  can  clearly  see  the  two  major  peaks, 
corresponding  to  the  blue  and  green  emissions  at  460  and  520  nm,  respectively.  The 
corresponding  PL  wavelengths  are  longer  than  the  EL  ones  by  about  10  nm  [9].  The  blue  EL 
peak  shifts  by  less  than  10  nm  when  the  injection  current  increases  from  20  to  80  mA.  The 
corresponding  shift  of  the  green  EL  peak  is  around  15  nm.  At  low  injection  levels,  the  green 


12 


intensity  is  higher  than  the  blue  one.  As  the  injection  current  increases,  the  blue  peak  becomes 
dominating.  This  trend  is  attributed  to  the  short  migration  distance  of  holes  in  nitride  compounds 
[3].  At  the  low  injection  levels,  holes  can  migrate  mainly  down  to  the  first  QW,  which  emits 
green  light.  Therefore,  green  emission  dominates.  As  the  injection  current  increases,  holes  can 
reach  the  two  middle  QWs,  which  emit  blue  light.  The  higher  crystalline  quality  of  these  two 
QWs  results  in  the  stronger  EL  peak.  The  bottom  green-emitting  QW  does  not  seem  to  directly 
contribute  much  in  either  PL  or  EL.  This  QW  was  designed  for  absorbing  the  down-propagating 
blue  light  and  then  re-emitting  green  light.  However,  it  is  difficult  to  calibrate  its  contribution. 

We  then  spin-coated  CdSe/ZnS  nano-crystals  on  the  fabricated  two-wavelength  LED.  The 
diameter  of  the  CdSe  core  is  around  4  mn  and  the  thickness  of  the  ZnS  shell  is  about  0.2  nm.  The 
weight  concentration  of  the  used  nano-crystal  toluene  solution  is  5  Wt/%.  Pig.  4  shows  the 
room-temperature  PL  and  photo  luminescence  excitation  (PLE  -  detected  at  580  nm)  spectra  of 
the  nano-crystals.  One  can  see  the  strong  absorption  in  the  shallow  UV  range.  Also,  there  is  an 
absorption  shoulder  around  460  nm  in  the  PLE  spectrum,  which  was  utilized  for  blue  absorption 
and  red  light  generation.  In  the  PL  spectrum  of  the  nano-crystals,  a  major  peak  around  615  nm 
and  a  secondary  peak  around  580  nm  can  be  seen.  The  major  and  secondary  peaks  correspond  to 
the  first  and  second  quantum-dot  states  in  the  nano-crystals.  The  room-temperature  EL  spectra  at 
various  injection  currents  of  the  LED  coated  with  the  nano-crystals  are  shown  in  Pig.  5.  Here, 
one  can  see  that  the  original  blue  peak  is  tremendously  suppressed  and  a  strong  red  peak  around 
615  nm  appears.  Only  the  first  quantum-dot  states  were  excited  in  our  LED  operation.  The 
suppression  of  blue  light  is  due  to  the  conversion  of  blue  photons  into  red  light  through  the 
CdSe/ZnS  nano-crystals.  It  can  also  be  attributed  to  the  stronger  scattering,  when  compared  with 
the  green  light,  by  the  nano-crystals. 

4.  Conclusions 

In  summary,  we  have  grown  and  processed  a  blue/green  two- wavelength  LED  based  on  the 
mixture  of  two  kinds  of  QW  in  epitaxial  growth.  The  XRD  and  PL  measurements  indicated  that 
the  crystalline  structure  and  the  basic  optical  property  of  individual  kinds  of  QW  were  not 
significantly  changed  in  the  mixed  growth.  The  relative  EL  intensity  of  the  two  colors  depended 
on  the  injection  current  level,  which  controlled  the  hole  concentration  distribution  among  the 
QWs.  At  low  injection  levels,  the  top  green-emitting  QW  dominated  in  EL.  As  the  injection 
current  is  increased,  the  blue-emitting  QWs  beneath  became  dominating.  We  then  coated 
CdSe/ZnS  nano-crystals  on  the  top  of  the  two-wavelength  LED  for  converting  blue  photons  into 
red  light.  By  coating  such  nano-crystals,  the  device  emitted  blue,  green,  and  red  lights  for 
white-light  generation. 
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Fig.  1  XRD  patterns  of  the  epitaxial  structures  of  the  two-wavelength  FED  (A),  the  purely  blue 

FED  (B),  and  the  purely  green  FED  (C). 
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Fig.  2  Room-temperature  PL  spectra  of  the  two-wavelength  LED  (A),  the  purely  blue  LED  (B), 

and  the  purely  green  LED  (C). 
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Fig.  3  Room-temperature  PL  and  PLE  spectra  of  the  CdSe/ZnS  nano-crystals. 
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Fig.  4  Room-temperature  EL  spectra  of  the  two-wavelength  LED  at  various  injection  current 

levels. 
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Fig.  5  Room-temperature  EL  spectra  of  the  white-light  device  after  nano-crystal  coating  at 

various  injection  current  levels. 
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Part  III 

Non-degenerate  fs  pump-probe  study  on  InGaN  with  multi-wavelength 

second-harmonic  generation 


1.  Introduction 

Pump-probe  experiments  with  fs  lasers  have  been  widely  used  for  studying  ultrafast  carrier 
dynamics  in  various  materials  because  such  information  can  help  us  in  understanding  many 
fundamental  properties  of  the  materials  [1,2].  In  such  an  experiment,  a  non-degenerate  setup  is 
usually  preferred  because  it  can  provide  more  infonnation  about  carrier  flow  among  different 
energy  states.  However,  two  synchronized  ultrashort  pulses  (with  jitter  smaller  than  a  few  tens  fs) 
of  adjustable  central  wavelengths  with  a  simple  laser  setup  is  usually  difficult  to  obtain  [3,4]. 
Non-degenerate  pump-probe  experiments  can  be  implemented  with  a  super-continuum  generator 
or  an  optical  parametric  oscillator  pumped  by  a  regen- amplified  mode-locked  Ti:  sapphire  laser 
[5,6].  However,  in  most  non-degenerate  pump-probe  research,  with  the  repetition  frequency  of 
the  regen-amplified  pulses  reduced  to  the  kHz  range,  the  signal-to-noise  ratio  can  be  quite  low 
unless  extremely  large  pulse  energy  is  used.  This  difficulty  is  particularly  prominent  for  samples 
of  low  emission  efficiencies.  Although  the  use  of  high  pulse  energy  for  excitation  can  help  us  in 
understanding  the  carrier  dynamics  under  the  condition  of  many-body  interactions,  many  other 
fundamental  physical  processes  can  be  missed.  Meanwhile,  a  regen-amplified  laser  system  is 
usually  quite  expensive.  Such  difficulties  slow  down  the  development  of  ultrafast  carrier 
dynamics  study,  particularly  in  the  UV-visible  range.  The  non-degenerate  pump-probe 
experiments  in  the  UV-visible  range  are  important  because  of  the  needs  for  understanding  the 
optical  properties  of  many  novel  wide-bandgap  semiconductor  compounds  such  as  AlGaN,  GaN, 
InGaN,  ZnO,  etc.  Those  compounds  have  important  applications  to  display  and  lighting. 
Normally,  the  pump-probe  studies  for  wide-bandgap  semiconductors  require  the 
second -harmonic  generation  (SHG)  of  an  fs  Ti:  sapphire  laser  for  excitation.  Although  degenerate 
studies  have  been  widely  reported  [7,8],  non-degenerate  research  is  still  quite  rare  [9]. 

In  this  research,  we  propose  a  new  technique  for  non-degenerate  pump-probe  experiments  in 
the  UV-visible  range  based  on  simultaneously  multi-wavelength  SHG  of  a  mode-locked 
Tksapphire  laser.  We  demonstrate  the  implementation  with  a  10  fs,  800-nm,  76  MHz, 
mirror-dispersion-controlled  mode-locked  Tksapphire  laser  (Femtosource,  Austria),  which 
provides  110  nm  in  spectral  full- width  at  half-maximum  (FWHM).  With  two  [1-barium  borate 
(BBO)  crystals  of  different  phase  match  angles  placed  in  the  pump-  and  probe-beam  paths,  we 
can  obtain  two  synchronized  fs  pulses  of  adjustable  wavelengths.  We  use  an  InGaN  thin  film  as 
the  sample  for  demonstrating  this  technique.  The  results  show  reasonably  good  signal-to-noise 
ratios  and  provide  us  with  new  insights  of  the  carrier  dynamics  in  the  InGaN  sample.  In  section  2 
of  this  part  of  the  report,  the  results  of  the  multi-wavelength  SHG  are  presented.  The 
non-degenerate  pump-probe  experimental  procedures  are  reported  in  section  3.  Sample 
description  and  the  properties  of  its  nano-structure  are  given  in  section  4.  The  pump-probe 
experimental  results  are  discussed  in  section  5.  Finally,  conclusions  are  drawn  in  section  6. 

2.  Multi-wavelength  second-harmonic  generation 

Fig.  1  shows  the  two  sets  of  second-hannonic  spectra  from  the  two  BBO  crystals  of  different 
acceptance  angles.  The  SHG  was  pumped  with  the  fs  laser  of  400  rnW  in  average  power,  directly 
from  the  laser  system  (with  the  output  spectrum  shown  in  the  insert  of  Fig.  1).  Because  the  SHG 
results  depend  on  the  conditions  of  the  fundamental  input,  the  spectra  in  Fig.  1  do  not  correspond 
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to  the  pulses  directly  applied  to  the  sample  in  the  pump-probe  experiment.  The  length  of  the 
BBO  crystal  for  the  short-wavelength  range  is  0.53  mm.  Its  cut  angles  are  9  =  29.94°  and  cp=0°. 
The  length  of  the  BBO  crystal  for  the  long-wavelength  range  is  0.75  mm.  Its  cut  angles  are  9  = 
27.80°  and  cp=0°.  Fig.  2  shows  the  second-harmonic  spectral  FWHM  and  the  SHG  conversion 
efficiency  (the  SHG  power  divided  by  the  incident  fundamental  power)  as  functions  of  the  SHG 
wavelength.  The  relatively  lower  conversion  efficiency,  when  compared  with  previously  reported 
[10],  is  due  to  the  broad  spectrum  of  the  used  laser.  Only  a  small  portion  of  spectrum  satisfies  the 
phase-matching  condition  for  effective  SHG.  The  results  in  Fig.  2  were  obtained  by  rotating  the 
used  BBO  crystal  for  each  spectral  band.  The  SHG  efficiency  generally  decreases  when  the 
crystal  orientation  moves  away  from  its  exact  phase-matching  condition.  Regarding  the  SHG 
spectral  FWHM,  the  two  spectral  bands  seem  to  have  different  wavelength  dependencies.  Near 
the  phase-matching  conditions,  the  maximum  FWHM  in  the  short-wavelength  band  and  the 
generally  minimum  FWHM  in  the  long-wavelength  band  can  be  attributed  to  several 
mechanisms  including  the  wavelength-dependence  of  crystal  birefringence,  the  difference  in 
crystal  length,  the  spectral  shape  and  chirp  of  the  fundamental  pulse,  etc. 


Fig.  1  Two  sets  of  second-harmonic  spectra  with  the  two  BBO  crystals  pumped  by 
the  laser  of  499  mW  in  average  power.  The  inset  shows  the  fundamental  spectrum. 


Fig.  2  SHG  spectral  FWHM  and  conversion  efficiency  as  functions  of  SHG 
wavelength  in  the  two  spectral  bands. 
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3.  Non-degenerate  pump-probe  experiment 

The  non-degenerate  pump-probe  experimental  setup  is  shown  in  Fig.  3.  Flere,  the  Ti:sapphire 
laser  is  split  into  two  beams  with  a  broadband  beam-splitter  (BS,  20/80  split  ratio  for 
reflection/transmission),  one  for  pump  and  the  other  for  probe.  The  laser  in  each  beam  passes 
through  a  BBO  crystal  of  a  certain  rotation  angle  for  the  desired  second-hannonic  wavelength. 
The  polarization  of  the  pump  beam  was  rotated  by  90  degrees  with  a  half-wave  (A./2)  plate  such 
that  the  pump  and  probe  could  be  easily  differentiated  after  they  passed  the  sample  with  a 
polarizer.  The  pump-probe  delay  was  controlled  by  a  translation  stage  of  10  pm  in  step  size.  This 
step  size  corresponds  to  the  time  delay  resolution  of  66  fs.  The  temporal  resolution  of  the 
pump-probe  experiment  is  determined  by  the  larger  one  of  the  delay  resolution  and  the  used 
pulse  width.  The  two  second-harmonic  beams  were  applied  to  the  sample,  which  was  placed  in  a 
cryostat.  The  second-harmonic  power  ranges  from  0.1  to  4.5  mW.  The  powers  of  the  probe  beam 
can  be  adjusted  for  reasonable  pump-probe  experiments  by  using  a  variable  neutral  density  (ND) 
filter  in  the  probe-beam  path.  The  pump  beam  was  defocused  onto  a  spot  with  a  diameter  of  120 
pm,  which  was  about  three  times  the  probe  beam  size  to  ensure  the  unifonn  pump  illumination 
of  the  probe  region.  The  chopper  used  for  lock-in  amplification  was  placed  in  the  pump-beam 
path. 


Fig.  3  Non-degenerate  pump-probe  experiment  setup. 


Fig.  4  shows  several  spectra  measured  at  the  sample  location  from  either  the  pump  or  the 
probe  branch.  The  spectral  FWHM  ranges  from  7.2  to  10.4  mn.  The  corresponding  pulses  are 
directly  applied  to  the  sample.  Fig.  5  shows  the  cross-correlation  traces  between  a  pump  pulse 
centered  at  390  mn  and  probe  pulses  at  three  wavelengths,  i.e.,  390,  400,  and  410  mn  for  parts  (a), 
(b),  and  (c),  respectively.  Here,  the  data  points  (empty  circles)  are  fitted  with  sec/r  functions  to 
show  their  FWHMs  at  220,  224,  and  236  fs,  which  correspond  to  the  pulse  FWHMs  of  142,  144, 
and  152  fs  after  the  de-convolution  process.  Here,  we  have  measured  the  ultra-short  pulse  width 
in  the  UV-violet  range  through  the  cross-correlation  measurement  with  a  reverse-biased  AlGaN 
multiple  quantum-well  light-emitting  diode  (LED)  at  280  nm.  The  LED  was  used  as  the 
photo-detector  of  two-photon  absorption  [11].  The  cross-correlation  measurements  in  the 
wavelength  range  between  380  and  420  nm  showed  that  the  pulse  FWHM  always  fell  into  the 
range  between  140  and  160  fs.  Therefore,  160  fs  is  the  temporal  resolution  of  the  pump-probe 
experiment. 
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Fig.  4  Normalized  spectra  of  the  pump  and  probe  pulses  measured  at  the  sample 

location. 


4.  Basic  material  nano-structure  and  optical  properties  of  the  sample 

The  InGaN  thin  film  sample  was  grown  on  c-plane  sapphire  with  meta-organic  chemical 
vapor-phase  deposition.  After  the  800-nm  GaN  buffer  layer,  an  800-nm  InGaN  thin  film  with 
silicon  doping  of  5  x  1018  cm'1  in  concentration  was  grown  at  800  °C.  The  average  indium 
content  was  estimated  to  be  20%.  Indium-rich  clusters  of  a  few  nm  in  size  and  extended 
composition  fluctuations  were  observed  in  the  sample  with  high-resolution  transmission  electron 
microscopy  (HRTEM).  A  typical  HRTEM  image  is  shown  in  Fig.  6.  The  dark  regions  in  the 
HRTEM  image  represent  the  indium-rich  distributions.  Here,  at  least  three  clusters  can  be 
identified  (Fig.  6).  A  threading  dislocation  across  the  image  can  also  be  seen.  The  HRTEM 
investigations  were  performed  using  a  Philips  Tecnai  F30  field-emission  electron  microscope 
with  an  accelerating  voltage  of  300  kV  and  a  probe  forming  lens  of  Cs  =  1.2  mm.  Our 
pump-probe  study  on  the  sample  aims  at  the  understanding  of  carrier  dynamics  in  such  a 
structure  of  nano-clusters  and  potential  fluctuations  [12], 


Fig.  5  Cross-correlation  traces  of  the  probe  pulses  at  390  (a),  400  (b),  and  410  (c) 
nm  with  the  pump  pulse  at  390  nm  measured  at  the  sample  location. 

Fig.  7  shows  the  photoluminescence  (PL)  spectra  at  various  temperatures  of  the  sample.  The 
PL  spectra  were  obtained  with  the  excitation  of  a  HeCd  laser  of  325  nm  in  wavelength.  Two 
peaks  can  be  clearly  seen  when  the  temperature  is  lower  than  200  K.  The  inset  shows  the  PL 
spectral  peak  positions  as  functions  of  temperature  for  the  two  peaks.  The  high-energy  peak 
position  red  shifts  with  increasing  temperature  and  tends  to  merge  into  the  low-energy  peak  as 
temperature  approaches  to  the  room  condition.  The  low-energy  peak  position  shows  an  S-shape 
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variation  with  temperature.  Such  a  variation  has  been  regarded  as  one  of  the  optical  features  of 
the  indium-rich  clusters  in  InGaN  compounds  [13].  The  low-energy  peak  corresponds  to  the 
localized  states.  The  high-energy  peak  is  attributed  to  the  activities  of  the  free-carrier  states, 
corresponding  to  the  background  InGaN  compound,  on  which  clusters  are  distributed.  The 
background  InGaN  compound  also  consists  of  potential  fluctuations  of  shallower  distributions. 
The  merge  of  the  two  PL  peaks  above  200  K  is  attributed  to  carrier  liquidation  among  the 
localized  states  and  free-carrier  states.  The  decreasing  trend  of  the  high-energy  peak  energy  is 
mainly  due  to  the  band  gap  shrinkage  that  is  caused  by  stronger  lattice  vibration  at  higher 
temperatures.  The  concerned  photon  energy  range  in  our  pump-probe  experiment  is  close  to  the 
high-energy  peak  of  PL  spectrum.  In  other  words,  we  are  interested  in  the  carrier  dynamics  at  the 
energy  levels  around  the  free-carrier  states. 


Fig.  6  An  HRTEM  image  of  the  sample. 


Fig.  7  PL  spectra  of  the  sample  at  various  temperatures. 


5,  Non-degenerate  pump-probe  experimental  results  and  discussions 

Fig.  8  shows  the  differential  transmission  traces,  AT/T,  of  the  non-degenerate  pump-probe 
experiment  at  300  K  with  various  probe  wavelengths  when  the  pump  wavelength  is  fixed  at  390 
mn.  The  pump  power  is  fixed  at  4.5  mW  and  the  probe  power  is  controlled  to  around  0.45  mW. 
In  Fig.  8,  the  second  curve  from  the  bottom  corresponds  to  the  case  of  degenerate  pump-probe 
experiment.  It  is  almost  identical  to  that  obtained  from  another  setup  of  degenerate  measurement 
[12],  confirming  the  reliability  of  our  non-degenerate  system.  In  this  degenerate  curve,  the 
pump/probe  photon  energy  corresponds  to  the  level  of  low  space-averaged  density  of  state  [12]. 
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In  this  situation,  two-photon  absorption  and  free-carrier  absorption  dominate  the  process  of 
carrier  dynamics.  Hence,  an  abrupt  dip  and  then  an  increase  of  probe  intensity  in  the  time  range 
of  around  10  ps  can  be  observed.  The  bottom  curve  corresponds  to  the  case  that  the  probe  central 
wavelength  (380  nm)  is  shorter  than  that  of  the  pump.  Because  the  pump  and  probe  spectra 
partially  overlap  (see  Fig.  4),  the  quick  rise  within  1  ps  in  this  curve  can  be  attributed  to  the  band 
filling  effect  through  the  process  of  local  carrier-carrier  scattering-induced  thermalization.  Then, 
the  second-stage  rise  in  the  duration  of  2~4  ps  originates  from  the  contribution  of  the  enhanced 
carrier-distribution  tail  at  the  (higher)  probe  level  during  a  global  carrier  thermalization  process 
for  approaching  a  quasi-equilibrium  condition.  Such  a  process  requires  certain  thermal  energy  for 
carriers  to  overcome  the  barriers  between  the  potential  minima  in  composition  fluctuations.  After 
this  process  (when  the  peak  is  reached),  carrier  relaxation  leads  to  the  reduction  of  carrier  density 
at  the  probe  level  such  that  a  decrease  can  be  observed  in  differential  transmission  in  a  time 
range  of  about  2  ps.  Then,  carrier  recombination  and  other  possible  relaxation  processes  result  in 
the  slow  decay  after  6  ps  of  the  pump-probe  delay. 

As  the  probe  wavelength  increases  to  400  nm,  a  fast  increase  of  probe  intensity  in  1  ps  and 
then  a  decay  of  several  ps  in  decay  time  constant  are  observed  [14].  The  quick  rise  behavior  can 
be  interpreted  as  the  fast  relaxation  of  carriers  from  the  pump  level  to  the  probe  level  through  the 
aforementioned  scattering-induced  local  thermalization  for  reaching  a  quasi-equilibrium 
condition.  In  the  decay  range,  the  fast  decay  is  due  to  the  relaxation  of  carriers  into  even  lower 
levels  in  the  process  of  global  thermalization.  The  slower  decay  is  attributed  to  carrier 
recombination  and  other  relaxation  processes.  When  the  probe  central  wavelength  is  410  nm, 
after  the  quick  rise,  the  probe  intensity  decreases  first  and  then  increases.  The  increasing  trend 
after  12  ps  in  pump-probe  delay  results  from  carrier  supply  during  carrier  relaxation  from  the 
pump  level  into  the  lower  probe  level  (mainly  through  carrier  transport  in  this  stage).  As  the 
probe  level  becomes  even  lower  (with  the  central  wavelength  at  420  nm),  after  the  fast  increase 
within  the  1  ps  range,  the  differential  transmission  keeps  increasing  with  a  shallow  slope.  Such  a 
slow  increase  can  be  due  to  the  aforementioned  carrier  relaxation  after  the  first-step 
scattering-induced  local  thermalization  is  completed. 


Fig.  8  Differential  transmission  traces  of  the  pump-probe  experiment  with 
different  probe  wavelengths,  as  labeled  next  to  the  curves,  when  the  pump 
wavelength  is  fixed  at  390  nm. 

The  ultrafast  carrier  dynamics  described  above  can  be  summarized  as  follows.  Because  of 
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the  structure  of  potential  fluctuations  in  the  sample,  two-step  carrier  thermalization  can  be 
identified  including  the  local  carrier  thermalization  within  1  ps  and  the  global  carrier 
thennalization  within  several  ps.  In  the  local  process,  the  carrier  flow  is  mainly  in  the  spectral 
domain.  However,  carrier  transport  dominates  the  global  process,  in  which  certain  thermal 
energy  is  required  for  carriers  to  overcome  the  potential  barriers  between  potential  minima. 
Because  the  spectral  range  of  the  current  experiment  corresponds  to  the  free-carrier  states, 
which  consists  of  mild  potential  fluctuations,  the  required  thennal  energy  should  be  quite  small. 
Hence,  the  required  period  for  such  a  relaxation  process  is  in  the  range  of  only  several  ps.  A 
similar  two-step  carrier  thennalization  process  was  also  observed  around  the  localized  states  in 
an  InGaN/GaN  quantum-well  sample  [14].  In  this  case,  the  local  thennalization  process  is 
completed  within  1  ps,  which  is  the  same  as  the  current  case  of  free-carrier  states.  However,  the 
time  constant  for  global  thennalization  is  much  longer  in  the  case  of  localized  states  (around 
100  ps).  This  difference  can  be  attributed  to  the  deep  trapping  of  earners  in  the  localized  states. 
Much  more  thermal  energy  is  needed  to  overcome  the  barrier  between  two  clusters. 

6.  Conclusions 

We  have  demonstrated  a  new  technique  for  non-degenerate  fs  pump-probe  experiment  in  the 
UV-visible  range.  The  technique  was  based  on  simultaneously  multi-wavelength  SHG  of  an 
ultra-short  Ti:sapphire  laser.  With  two  BBO  crystals  of  different  phase-matching  angles,  the 
pump  and  probe  wavelengths  could  be  adjusted.  The  non-degenerate  pump-probe  system  was 
applied  to  the  ultrafast  carrier  dynamics  study  of  an  InGaN  thin  film,  in  which  potential 
fluctuations  have  been  identified.  The  observed  pump-probe  behaviors  revealed  the  processes  of 
carrier  thermalization  and  relaxation  in  the  sample.  In  our  setup,  the  used  laser  can  provide  about 
110  nm  in  spectral  width.  If  SHG  is  efficient,  a  tuning  range  of  at  least  60  mn  can  be  used  for 
non-degenerate  pump-probe  experiment.  With  a  Ti: sapphire  laser  of  even  shorter  pulses  [15],  the 
tunable  spectral  range  can  be  even  broader. 
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Part  IV 

Control  of  the  Color  Contrast  of  a  Polychromatic  Light-emitting  Device  with 
CdSe/ZnS  Nano-crystals  on  an  InGaN/GaN  Quantum-well  Structure 

In  developing  white-light  source  for  energy-saving  solid-state  lighting  and  liquid-crystal-display 
back-lighting,  GaN-based  light-emitting  diode  (LED)  has  been  an  issue  of  much  attraction. 
Currently,  several  techniques  are  used  for  LED  white-light  generation.  First,  three  different 
phosphors  are  attached  on  a  UV  LED  to  transfer  the  emitted  UV  photons  into  blue,  green  and  red 
lights  for  white-light  generation  [1],  Second,  green  and  red  phosphors  are  coated  on  an 
InGaN-based  blue-emitting  LED  for  producing  white  light  [2],  Third,  yellow  phosphor  is  placed 
on  a  blue  LED  for  mixing  blue  and  yellow  lights  to  become  white  [3,4],  Fourth,  three  LEDs  of 
the  three  elemental  colors  based  on  different  semiconductors  are  closely  arranged  for  white-light 
mixing  [5].  However,  to  improve  the  quantum  efficiency  and  reduce  the  fabrication  cost, 
single-chip,  all-semiconductor  white-light  LED  has  been  a  target  of  research  effort.  Nevertheless, 
although  the  fabrications  of  highly  efficient  blue  and  green  nitride-based  LEDs  have  been  quite 
mature,  that  of  yellow  or  red  LED  requires  much  more  efforts.  Recently,  InGaN-based  red  LEDs 
have  been  reported  [6,7].  However,  for  such  a  device,  either  the  quantum  efficiency  needs  to  be 
improved  or  the  process  technique  needs  to  be  developed. 

Recently,  an  alternative  approach  for  red  light  generation  was  proposed  [8].  In  this  approach, 
CdSe/ZnS  nano-crystals  are  coated  on  a  nitride-based  multiple-quantum-well  (MQW)  structure 
for  receiving  electron-hole  pairs  excited  in  the  MQW  region.  Such  a  nano-crystal  consists  of  a 
CdSe  core  of  a  few  nm  in  diameter  and  a  ZnS  shell  of  a  few  tenths  nm  in  thickness  [9].  It  acts  as 
a  quantum  dot  for  receiving  electron-hole  pairs  and  emitting  long-wavelength  photons.  Such  a 
Forster  transfer  process  can  be  used  for  efficiently  generating  multi-color  light  from  a 
short-wavelength-emitting  LED.  However,  for  an  efficient  Forster-transfer  process,  the  MQW 
structure  must  be  very  close  to  the  nano-crystals.  Hence,  the  fabrication  of  such  a  practical 
device  becomes  complicated.  Another  process  in  such  a  device  structure  for  multi-color 
generation  includes  the  absorption  of  short-wavelength  photons  and  then  the  reemission  of  the 
long- wavelength  light  through  the  nano-crystals.  The  absorption  and  emission  wavelengths  of 
the  nano-crystals  can  be  easily  adjusted  by  changing  their  core  sizes  [10,11].  Therefore, 
nano-crystals  with  strong  absorption  in  the  UV-blue  range  and  efficient  emission  in  the 
yellow-red  range  can  be  obtained. 

In  a  multi-color  light-emitting  device  for  white-light  generation,  the  intensity  ratios  of 
different  colors  are  important  parameters  for  controlling  the  color  rendering  index.  Normally,  the 
short-wavelength  light,  generated  directly  from  semiconductor  quantum  wells,  is  stronger  than 
that  of  energy-transfer  generation.  Such  a  contrast  can  be  improved  by  increasing  the  carrier 
transfer  into  the  nano-crystals  or  the  absorption  efficiency  of  the  nano-crystals  through  the 
increase  of  the  contact  area  between  the  nano-crystals  and  the  MQW  active  regions.  In  this  letter, 
we  report  the  control  of  color  contrast  in  a  two-color  light-emitting  device  with  red-emitting 
CdSe/ZnS  nano-crystals  on  a  blue-emitting  InGaN/GaN  MQW  LED  by  etching  holes  on  top  of 
the  LED  surface.  The  holes  were  etched  deep  down  to  the  active  layers  and  filled  up  with  the 
CdSe/ZnS  nano-crystals  such  that  the  nano-crystals  can  directly  contact  the  MQW  regions.  The 
direct  contact  implies  more  efficient  Forster  transfer  and  absorption-reemission  processes.  With 
such  a  structure,  the  red/blue  contrast  ratio  can  be  enhanced  even  though  the  total  intensity  is 
slightly  sacrificed. 

The  blue-emitting  MQW  structure  was  grown  on  (0001)  sapphire  substrate  with 
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metalorganic  chemical  vapor  deposition  and  consists  of  a  25-nm  GaN  buffer  layer,  a  2 -pm 
Si-doped  GaN,  five  periods  of  3nm/18nm  InGaN/GaN  MQW  layers,  and  a  80-nm  Mg-doped 
GaN  epi-layer.  The  emission  wavelength  is  about  450  nm.  Circular  holes  of  various  diameters 
were  fabricated  with  the  techniques  of  photolithography  and  inductively-coupled  plasma  reactive 
ion  etching.  The  etching  depth  was  1.2  pm.  In  other  words,  the  active  MOW  layers  were 
removed  in  the  hole  areas.  For  comparison,  samples  of  hole  diameters  at  10,  50,  60,  and  70  pm 
were  prepared.  Fig.  1  shows  the  scanning  electron  microscopy  (SEM)  image  on  the  top  surface 
of  the  sample  with  70-pm  holes.  A  4  x  4  hole  array  on  a  square  area  of  400  x  400  pm"  was 
fabricated  in  each  sample  of  50,  60,  or  70-pm  in  hole  diameter.  A  15x15  hole  array  was 
implemented  on  the  same  square  area  in  the  sample  of  10-pm  in  hole  diameter. 

The  holes  were  filled  up  with  toluene  solution  of  CdSe/ZnS  nano-crystals.  In  this  process,  a 
droplet  of  the  nano-crystal  solution  of  the  same  volume  was  placed  on  the  top  of  each  device. 
Therefore,  the  total  nano-crystal  number  in  each  device  is  expected  to  be  about  the  same.  By 
gently  shaking  the  devices,  the  solution  filled  up  the  holes  evenly.  A  uniform  layer  of 
nano-crystal  still  existed  on  the  top  surface  of  each  device.  The  diameter  of  the  CdSe  particle  is 
about  4  nm  and  the  thickness  of  the  ZnS  shell  is  about  0.2  nm.  The  photoluminescence  excitation 
(PLE)  spectrum  and  the  photoluminescence  (PL)  spectrum  of  the  nano-crystal  are  shown  in  Fig. 
2.  The  photo  luminescence  detection  wavelength  in  the  PLE  measurement  was  set  at  the  PL  peak, 
i.e.,  590  nm.  An  absorption  shoulder  can  be  observed  in  the  PLE  spectrum,  which  corresponds  to 
the  emission  peak  of  the  MQW  structure.  The  blue  photons  at  450  nm  emitted  from  the  MQW 
structure  can  be  absorbed  by  the  nano-crystals  for  transferring  into  red  light  at  590  nm.  Also, 
carrier  transport  along  a  quantum  well  layer  can  transfer  electron-hole  pairs  into  nano-crystals  in 
the  Forster  transfer  process. 

The  current-voltage  measurement  showed  that  the  device  resistance  was  not  significantly 
changed  in  fabricating  holes  of  various  sizes.  The  turn-on  voltage  of  all  samples,  including  a 
reference  device  of  no  holes,  is  around  2.5  V.  Fig.  3  shows  the  electro-luminescence  (EL)  spectra 
of  the  samples  when  the  injection  current  is  fixed  at  20  mA.  Both  the  blue  and  red  features  can 
be  seen.  The  insert  magnifies  the  spectral  portion  of  red  light.  One  can  clearly  observe  that 
although  red  intensity  is  still  weaker  than  the  blue  one,  the  relative  intensity  of  red  light  is 
enhanced  by  fabricating  the  holes.  The  vertical  arrows  show  the  trends  of  curve  variation 
following  that  in  the  legend.  Fig.  4  shows  the  variations  of  red-light  integrated  intensity  (the 
ordinate  on  the  left)  and  total  integrated  intensity  (the  ordinate  on  the  right)  as  functions  of  the 
hole  diameter.  The  data  points  of  zero  hole-diameter  represent  the  results  of  the  reference  device. 
One  can  see  that  the  red-light  integrated  intensity  increases  with  the  hole  diameter  in  the  range 
between  50  and  70  pm.  However,  a  smaller  hole  diameter  at  10  pm  also  results  in  relatively  quite 
strong  red  light.  This  result  can  be  attributed  to  the  larger  side-wall  area  in  this  sample,  as  to  be 
discussed  below  (see  Fig.  5).  The  variation  trend  of  the  total  integrated  intensity  is  opposite  to 
that  of  the  red-light  integrated  intensity.  The  reduction  of  the  total  integrated  intensity  is  due  to 
the  removal  of  blue-emitting  active  regions  in  fabricating  the  holes.  Since  the  total  intensity  is 
still  dominated  by  blue  light,  the  variation  of  the  total  integrated  intensity  is  expected  to  decrease 
with  increasing  hole  area.  The  hole  area  percentages  of  the  samples  with  10,  50,  60  and  70-pm 
holes  are  19,  19,  28,  and  38  %,  respectively.  This  variation  trend  is  consistent  with  that  of  the 
total  integrated  intensity  in  the  range  between  50  and  70  pm.  However,  the  sample  of  10-pm 
holes  has  quite  a  low  total  intensity  although  only  19  %  active  area  was  etched.  This  result  can  be 
attributed  to  the  surface  state  defects  on  the  etched  walls,  which  reduce  the  internal  quantum 
efficiency  of  blue  emission.  Based  on  the  data  in  Fig.  4,  we  can  calculate  the  ratios  of  red 
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intensity  increases  over  blue  intensity  decreases  with  respect  to  the  reference  device  to  obtain 
0.085,  0.145,  0.155  and  0.112  for  the  devices  of  10,  50,  60,  and  70  pm  holes,  respectively. 
Therefore,  from  the  viewpoint  of  maintaining  high  quantum  efficiency,  the  hole  diameter  of  60 
pm  represents  an  optimized  condition. 

Fig.  5  shows  the  variation  of  the  red/blue  ratio  of  the  integrated  intensity  (the  ordinate  on 
the  left)  as  a  function  of  the  hole  diameter.  For  comparison,  the  variation  of  the  normalized  area 
of  hole  side-wall  is  also  shown  (the  ordinate  on  the  right).  In  this  illustration,  the  total  side-wall 
area  of  the  10-pm  sample  is  nonnalized  to  unity.  One  can  see  that  although  the  red/blue  intensity 
ratio  increases  with  the  hole  diameter  in  the  range  between  50  and  70  pm,  the  sample  of  10-pm 
holes  has  the  highest  ratio,  which  represents  a  36  %  increase.  This  variation  trend  is  consistent 
with  that  of  the  normalized  side- wall  area.  The  side- wall  area  is  the  major  factor  for  producing 
stronger  red  intensity  and  hence  a  larger  red/blue  intensity  ratio. 

In  summary,  we  have  fabricated  blue-red  polychromatic  light-emitting  devices  with 
red-emitting  CdSe/ZnS  nano-crystals  attached  on  a  blue-emitting  InGaN/GaN  MQW  structure. 
To  improve  the  red/blue  intensity  contrast,  holes  of  different  diameters  were  fabricated  for 
increasing  the  direct  contact  area  between  the  MQW  active  regions  and  CdSe/ZnS  nano-crystals. 
By  comparing  the  devices  of  10,  50,  60  and  70-pm  hole  diameters,  and  a  reference  device  of  no 
hole,  it  was  found  that  the  hole  diameter  of  60  pm  represented  an  optimized  condition  from  the 
viewpoint  of  maintaining  high  quantum  efficiency.  However,  the  device  of  10-pm  holes  had  the 
highest  red/blue  intensity  ratio,  which  represented  to  a  36  %  increase.  This  result  was  attributed 
to  its  largest  side-wall  area  in  the  holes  among  various  samples.  Because  the  Forster  process  is 
expected  to  be  more  efficient  in  generating  the  long- wavelength  light  [8],  the  limited  increase  of 
red-light  intensity  in  our  experiment  implies  that  the  red-light  enhancement  is  mainly  due  to  the 
process  of  absorption  and  reemission. 
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Fig.  1  SEM  image  of  etched  holes  of  70  pm  in  diameter  on  the  top  of  a  blue  FED  for  filling  up 

with  CdSe/ZnS  nano-crystal  solution. 


Wavelength  (nm) 

Fig.  2  PEE  spectrum  detected  at  590  nm  and  PL  spectrum  of  the  CdSe/ZnS  nano-crystals. 
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Fig.  3  Electroluminescence  spectra  of  the  fabricated  devices  with  different  hole  diameters. 
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Fig.  4  Variations  of  the  red-light  integrated  intensity  and  the  total  integrated  intensity  as  functions 

of  the  hole  diameter. 
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Fig.  5  Variations  of  the  red/blue  integrated  intensity  ratio  and  the  normalized  side-wall  area  as 

functions  of  the  hole  diameter. 
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Part  V 

Growth  and  Characterization  of  InN  and  Indium-rich  InGaN 

1.  Introduction 

Early  studies  of  the  inter-band  absorption  of  InN  thin  films  led  to  the  conclusion  of  the  band  gap 
at  1.9  eV  [1,2].  However,  recent  investigations  based  on  the  InN  thin  films  grown  with  MBE  or 
MOCVD  showed  a  strong  PL  peak  around  0.7  eV  [3,4].  Supported  by  other  measurements,  such 
as  photo-modulated  reflectance  [3],  0.7  eV  is  now  widely  accepted  as  the  band  gap  of  InN. 
Optical  features  higher  than  0.7  eV  is  thought  to  be  due  to  the  Burstein-Moss  shift  [5],  which 
describes  the  relation  between  free  carrier  concentration  and  band  gap.  Because  of  the  smaller 
band  gap,  the  bowing  factor  is  also  smaller  than  the  previously  reported  value  [6].  Normally,  the 
equation:  Eg(x)  =  0.7(1 -x)  +  3.42x  -  b(l-x)x  with  b  =  1.43  eV,  can  be  used  for  calculating  the 
band  gap  of  Ini_xGaxN  with  OAx^  1.  With  the  band  gap  coverage  of  InGaN  (from  350  through 
1800  nm)  over  the  whole  solar  radiation  range,  InGaN  is  a  good  material  for  multi -junction  solar 
cell  application. 

Recently,  efficiency  as  high  as  30  %  in  a  tri-junction  solar  cell  with  Gao.51Ino.49P/GaAs/Ge 
has  been  reported  [7].  In  theoretical  predictions,  the  increases  of  efficiency  to  50,  56,  and  72%  by 
stacking  2,  3,  and  36  junctions,  respectively,  are  feasible  if  appropriate  materials  with  optimized 
band  gaps  are  available  [8].  Therefore,  the  use  of  InGaN  alloy  to  fabricate  tandem-structure  solar 
cells  is  a  topic  deserving  research  efforts.  Use  of  InGaN  for  solar  cell  application  is  even  more 
attractive  because  it  has  higher  radiation  resistance,  when  compared  with  the  currently  used  solar 
cell  materials  [9].  In  other  words,  InGaN  is  suitable  for  space-based  solar  cell  application. 
However,  for  implementing  nitride-based  solar  cells,  several  material  problems  need  to  be  solved 
first,  including  crystal  quality,  p-type  InGaN,  and  multi-junction  growth. 

2.  Growth  and  Characterization  Results 

With  MOCVD,  we  have  successfully  grown  InN  and  indium-rich  InGaN  thin  films  on  GaN  of 
quite  high  quality.  No  indium  droplets  were  found  on  our  samples.  For  growing  high-quality  InN 
with  MOCVD,  the  optimized  temperature  is  between  400  and  600  °C.  The  preferred 
low-temperature  growth  of  InN  is  due  to  the  required  high  nitrogen  partial  pressure.  So  far,  we 
have  successfully  grown  InN  thin  films  at  500  °C  with  the  chamber  pressure  at  100  Torr  or  lower. 
It  was  found  that  by  reducing  the  chamber  pressure  to  75  Torr,  the  InN  quality  became  better.  In 
our  InN  thin  films,  the  X-ray  rocking  curves  have  widths  of  around  328  arc-second,  which 
represents  a  reasonably  good  result.  From  the  Hall  measurements,  the  electron  mobility  is  around 
756  cnr/V-s,  which  is  comparable  to  what  reported  in  literature.  However,  the  electron 
concentration  is  around  3.14x10  cm',  which  is  relatively  higher  when  compared  with 
MBE-grown  high-quality  InN  thin  films.  Figs.  1  and  2  show  the  rocking  curves  in  XRD 
measurements  of  an  InN  and  an  Ino.84Gao.i6N  samples,  respectively.  The  FWHM  of  the  InN 
rocking  curve  is  only  328  arc  sec.  The  rocking  curve  of  the  InGaN  sample  in  Fig.  2  shows  the 
superposition  of  a  narrow  and  a  broad  pattern.  Such  a  result  may  imply  the  crystalline 
non-uniformity  in  this  sample.  Fig.  3  shows  the  PL  spectrum  of  the  InN  thin-film  sample  at  14  K. 
One  can  see  the  spectral  center  of  mass  at  around  0.75  eV.  Here,  the  PL  peak  position  is 
uncertain  because  the  responsivity  of  the  used  detector  decays  fast  below  0.8  eV.  The  high  defect 
density  in  the  sample  explains  the  relatively  larger  band  gap.  Fig.  4  shows  an  HRTEM  image 
around  the  interface  of  an  InGaN  thin  film  (same  as  that  of  Fig.  2)  on  GaN.  The  non-uniform 
pattern  can  be  seen. 
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We  will  further  lower  the  chamber  pressure  for  improving  the  quality  of  InN  thin  film.  Once 
we  have  high-quality  InN,  we  can  gradually  increase  gallium  incorporation  and  increase 
temperature  for  InGaN  growth.  Although  InGaN  can  always  be  grown  at  low  temperatures, 
better  quality  is  expected  when  a  higher  temperature  is  used.  With  a  lower  defect  density  (n-type 
in  nature),  p-type  growth  will  become  easier. 
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Fig.  2  XRD  of  an  indium-rich  InGaN  thin-film  sample. 
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PL  Intensity  of  lnN14  @  14K 
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Fig.  3  PL  spectrum  of  an  InN  thin-film  sample 


Fig.  4  HRTEM  image  of  an  indium-rich  InGaN  on  GaN  sample 
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